Abstract-Metal impurities are known to hinder the performance of commercial Si-based solar cells by inducing bulk recombination, increasing leakage current, and causing direct shunting. Recently, a set of photoluminescence (PL) images of neighboring multicrystalline silicon wafers taken from a cell production line at different processing stages has been acquired. Both band-toband PL and sub-bandgap PL (subPL) images showed various regions with different PL signal intensity. Interestingly, in several of these regions a reversal of the subPL intensity was observed right after the deposition of the antireflective coating. In this paper, we present the results of the synchrotron-based nano-X-ray fluorescence imaging performed in areas characterized by the subPL reversal to evaluate the possible role of metal decoration in this uncommon behavior. Furthermore, the acquisition of a statistically meaningful set of data for samples taken at different stages of the solar cell manufacturing allows us to shine a light on the precipitation and rediffusion mechanisms of metal impurities at these grain boundaries.
mass production of high-performance mc-Si solar cells, with Trina Solar reporting a 21.25% record efficiency on standard 156 × 156 mm substrates [2] . The impact of metal impurities on the wafer quality, however, remains a key factor for further improvements of the final device performance.
For many years, defective regions in mc-Si material have been identified and characterized using a variety of imaging techniques, such as electroluminescence (EL), photoluminescence (PL)-both band-to-band and sub-bandgap PL (subPL)-and lock-in thermography (LIT). Previous work has helped to identify areas with signature characteristics via EL imaging of finished cells [3] [4] [5] . Interestingly, the authors identified two types of defect regions with different characteristics: Type A defect regions exhibit strong band-to-band recombination, but weak defect band or sub-bandgap EL (subEL) emissions. These regions are found to strongly correlate to breakdown regions identified by reverse-bias EL [6] or dark LIT. On the contrary, Type B defect regions show strong subEL emissions but less detrimental band-to-band recombination and less breakdown at reverse bias [4] , [5] . In a recent report, Johnston et al. [7] presented a thorough analysis of mc-Si material not just at the finished cell stage but after every single step along the manufacturing process as well. This result was achieved by pulling neighboring wafers out of the processing line after each step. Both band-to-band PL and subPL were collected for sister wafers coming approximately from halfway through the ingot. The subPL studies cover the spectral regime 1325-1700 nm. SubPL images of Type A and Type B defect regions displayed remarkable differences along the solar cell processing: In the former a strong subPL signal-corresponding to a high-recombination activity-was found prior to the antireflection coating (ARC) deposition, whereas in the latter the subPL emissions resulted to be stronger after ARC as demonstrated in Fig. 1 . Type A regions are, thus, characterized by a so-called bright-to-dim transition of subPL signal intensity, whereas Type B regions show a dim-to-bright transition. A schematic of these two kinds of transition is shown in Fig. 1 . The 1 mm 2 subPL images show the evolution of intensity (same intensity scale) of two different samples containing either a high or low concentration of grain boundaries (GBs).
The authors suggested these findings to be correlated with the difference in GBs density, with Type A defect regions having a higher density than Type B [7] . In this contribution, we present synchrotron-based nano-X-ray fluorescence (nano-XRF) study to assess the role that metal impurities play in the reversal of the 2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. subPL signal. Furthermore, thanks to the collection of a statistically meaningful amount of data for samples taken at different stages of the solar cell manufacturing process, we propose a scenario for the precipitation and rediffusion mechanisms of precipitates and their impact on the size and spatial distribution of the metal impurities in the final device.
II. EXPERIMENTAL SETUP
Neighboring wafers from an interior brick of an ingot cast with electronic grade silicon were pulled from the processing line at six different processing stages: as-cut, textured, diffused, etched, ARC, and finished cell [7] . The initial as-cut wafers were ∼200 μm thick. Among the typical solar cell processing steps, particular importance is ascribed to the ones involving a high-temperature treatment of the wafers. Specifically, the samples-with the exception of the as-cut and textured oneswere subjected to a standard phosphorous diffusion gettering in a POCl 3 tube furnace at 845°C for 25 min and then unloaded directly at 845°C. The last two, i.e., ARC and finished cell, were coated with SiN x at 450°C for 30 min.
In all the wafers, various regions were identified as examples of either Type A or Type B regions. A 1-cm-diameter sample was cut out from both Type A and Type B defect areas of each wafer. An initial analysis of the subPL images revealed a very similar behavior among the as-cut and textured wafers, and thus, only the latter is considered for further analysis; the same holds for the diffused and etched samples.
We performed nano-XRF on selected regions of the remaining three wafers (textured, diffused, ARC) at the advanced photon source beamline 2-ID-D at the Argonne National Laboratory. The detection limit is known to depend upon the spot size, accumulation time, and overall bulk sensitivity of the system, which can depend on the detector, X-ray flux, photon energy, and geometry of the system [8] . Previous work [9] [10] [11] performed at the same beamline demonstrated that the detection of metal silicide particles with radius below 10 nm is feasible. In our experiment, a beam energy of 10 keV was used, with a spot size of less than 120 nm and 1 s dwell time per pixel enables high-resolution mapping of areas in the range of 25-70 μm 2 . The three-sigma rule (99.7% of the data points fall within three standard deviations from the mean) was used to define the noise level cutoff in order to clearly define the precipitates and statistically represent the data [10] . In order to provide a statistically meaningful set of data, we identified three and four GBs within Type A and Type B defect areas, respectively, which were kept constant across all wafers. All of them were delineated with laser marks to ease their identification in different samples during the nano-XRF scanning and allow for a one-to-one correlation with the PL data previously acquired. Full XRF spectra were collected for each pixel during these mapping experiments, but for brevity, we restrict our analysis to the energy ranges that correspond to the XRF signal of the most significant metal impurities, including examples of both slow, i.e., Ti, and fast diffuser species, i.e., Fe, Ni, Cu, and Cr.
III. RESULTS
Given that the X-ray absorption data were not available, we assume that all particles are in the chemical form of the known metal silicides typically present in mc-Si [12] . Thus, the particle size calculations (e.g., radii) assume spherical particles of FeSi 2 , Cu 3 Si, NiSi 2 , TiSi 2 , and CrSi 2 with the following densities: 4.75, 8.75, 6.2, 4.02, and 4.39 g/cm 3 . Similarly to previous reports [9] , [12] , we observed a broad distribution in the size of metal-rich particles: Most of the precipitates exhibited a radius in the order of few tens of nanometers, whereas, occasionally, large precipitates with radius in a range over few hundreds of nm up to 1-2 μm would appear, most of the time presenting a heterogeneous composition with the appearance of multiple metal species. For this reason, in the following analysis, we distinguish between "small particles," i.e., particles with a radius below 30 nm, and "large particles" with a radius larger than 30 nm.
An example of this distinction is provided in Fig. 2 , where the Si, Ti, Fe, and Cu channels are shown for a 5 × 5 μm high-resolution synchrotron scan. Small particles are depicted in Fig. 2(b) and large particles in Fig. 2(c) and (d) . GBs are identified, thanks to the variation of scattering intensity due to the different crystal orientation of the grains and to the small solid angle subtended by the detector.
We evaluated the spatial density of both small and large particles by counting how many of them were present in each XRF map and then dividing their total number by the total area scanned for different samples and types of defect region. The area analyzed for each sample was in the range of 100-200 μm 2 , which were found to contain no more than 150 small particles and no more than 30 large particles. This analysis revealed striking differences between the metal silicide particles spatial density in Type A and Type B defect areas. As shown in Fig. 3 , Type A defect regions show an initial high density of small particles in the textured state, which decreases significantly in the diffused state, in some cases to less than half their initial values; their spatial concentration then remains substantially constant after the ARC deposition. No significant differences are observed between fast and slow diffusers. A more detailed analysis of the precipitates' size distribution is shown in Fig. 4 for Fe-rich particles. Alongside the data, a boxplot shows the 25%, 50%, and 75% percentiles. No significant variation appears among particles size within the investigated regions, as can be seen from the mean value indicated by the open square whose variation lies within the statistical error; this analysis is representative of the trends observed for other elements. The presence of large particles in Type A regions is found to be rare, and even when present in the initial textured state, they tend to disappear during the subsequent process steps as seen in Fig. 5 .
In Fig. 6 , small particle spatial density for Type B defect areas along the different processing steps is shown. In the textured sample the spatial concentration of small particles is lower but still comparable to that of Type A regions for all metal species (see Fig. 3 ). This value is found to decrease drastically in the diffused state similarly to Type A defect areas. In Type B regions, however, the spatial concentration of small particles is either partially or entirely recovered in the final state of the A close analysis of the small particles in Type B defect areas shows that slightly bigger particles appear in the ARC sample, which is reflected in an increment of the precipitates radius mean value of about 5 nm. In Fig. 7 , we report the data for Cu as a representative of the trend observed for other elements. Large particles' spatial density variation along the process is shown in Fig. 8 . In Type B defect areas, large particles are either completely absent or present in a very small spatial concentration in the textured sample. However, as we move to the diffused state, their spatial density increases drastically for all the metal species. Finally, for all the elements-with the partial exception of Cu-large particles are found to disappear in the ARC sample.
IV. DISCUSSION
At this point, it is necessary to emphasize the importance of acquiring a statistically significant dataset for this analysis. During our nano-XRF scan measurements, we often found that even among maps collected at GBs within the same type of defect areas, there could exist significant differences in terms of size and spatial distribution of particles. These differences can be entirely attributed to the limitation of the single scan areas experimentally accessible at the beamline. This is particularly true for large particles as their spatial density is generally low: The analysis of only one grain boundary would not provide an accurate representation of their behavior, and the resulting analysis would be distorted.
Remarkably, Type A and Type B defect areas differences highlighted in Section III find an explanation when looking at their relative GBs density. The presence of a structural defect in a certain region of the sample is known to introduce a strain field associated with the distorted silicon lattice [15] , [16] , which provides an energetically favorable site for secondary-phase (i.e., metal silicides) nucleation. Regions with a higher density of GBs (Type A) can distribute this strain field more uniformly across the many structural defects and, therefore, present a high energy-barrier for nucleation. On the contrary, GBs within a region of lower density (Type B) are characterized by a greater strain field and, therefore, a lower energy-barrier for the accommodation of precipitates. Furthermore, the lower concentration of nucleation sites leads to fewer but larger precipitates than in Type A regions. For these reasons, during the high-temperature treatment associated with the phosphorous diffusion, large precipitates are more likely to form at GBs in Type B defect areas, as seen in Fig. 8 . These particles are probably formed by the agglomeration of small nanoprecipitates, which explains their partial depletion within both Type A and Type B regions in the diffused samples (see Figs. 3 and 6) . The fast cooling rate of the samples after P-diffusion prevents these newly formed large particles from moving further away from the precipitation site. However, we cannot exclude that a certain amount of metal atoms is also externally gettered during the P-diffusion process. During the subsequent thermal treatment associated with the ARC deposition, large particles rediffuse into smaller nanoprecipitates across Type B defect areas, which leads to the significant change in their concentration, as seen in Fig. 6 . Since no large particles were formed in Type A defect regions during the P-diffusion, the same thing cannot happen here, and thus, the spatial concentration of small particles in the ARC sample is the same as in the diffused one (see Fig. 3 ). This mechanism can also account for the variation of small particles size shown in Fig. 7 among textured and ARC samples as they originate from the partial rediffusion of larger clusters. As a consequence, large particles have now almost completely disappeared for all metal species (with the exception of Cu).
A summary of these findings is represented schematically in Fig. 9 . The peculiarities of the rediffusion mechanism and the reason why it occurs as opposed to the commonly observed Ostwald ripening are unclear and further research is still required. It has been previously suggested [15] [16] [17] that it is the strain field associated with dislocations and GBs, rather than the crystallinity disruption itself that drives the accumulation of metal atoms in the defective areas. Further analysis of GB type and stress of Type A and Type B defect regions could help to elucidate this correlation.
The uncertainty associated with the spatial distribution of small and large particles could be arguably playing a role in the [18] . Average subPL signal intensity (solid line) for several Type A and Type B defect areas after annealing processes at different temperature and different duration.
deviation from the general trends of certain metal species. This is the case for the spatial concentration of small TiSi 2 particles within Type A defect areas in the diffused sample (see Fig. 6 ) and for large Cu 3 Si particles in the ARC sample (see Fig. 8 ) of Type B defect regions.
Our results provide an explanation to the Type A and Type B subPL signal intensity behavior sketched in Fig. 1 and shown in Fig. 10 for a sample after phosphosilicate glass (PSG) etching that undergoes subsequent annealing treatments with thermal budget similar to the one associated with the ARC deposition. In the textured state small particles spatial concentration is found to be higher in Type A regions that accounts for their initial higher subPL signal intensity. As the process proceeds to the diffused state, small particle spatial concentration decreases for both Type A and Type B defect areas (but remaining higher for Type A). Alongside, large particles are formed in the Type B regions; the size of these particles, however, is known to be not determinant for recombination activity [9] , and thus, these areas remain darker than Type A ones. The rediffusion of impurities from large to small particles occurring in Type B defect areas during the ARC deposition leads to a significant change in small particle spatial concentration therein; since nothing similar can happen in Type A regions, the spatial density of small particles is now lower than in the Type B ones, which is in agreement with the subPL signal reversal. These results are illustrated in Fig. 11 Note that the model proposed is based on the subPL analysis and that it does not take into account other possible nonradiative recombination processes [4] [5] [6] [7] , [19] , [20] .
V. CONCLUSION
Synchrotron-based nano-XRF analysis of different types of defects in mc-Si samples taken at different stages of the solar cells process has been carried out.
We find that the subPL signal intensity variation happening after the ARC deposition in Type A and Type B defect areas within the investigated samples can be explained with the variation of small metal precipitates spatial density. The key factor is demonstrated to be the different densities of GBs among these regions, which determines the strength of the strain field therein and, thus, affects the precipitation and rediffusion mechanisms of metal particles. In addition, by performing a statistically meaningful analysis of the metal decoration at GBs throughout the whole solar cell manufacturing process, we are able to show that the high-temperature P-diffusion process leads to the precipitation of large clusters at the most favorable nucleation sites in the material, which then rediffuse into smaller particles during the ARC deposition or any thermal treatment with comparable thermal budget. No relevant differences were detected among slow and fast diffusers. A summary of the most relevant features of the model we propose is reported in Table I . This information could prove potentially beneficial for reengineering the solar cells' manufacturing process, based on the grain size, in order to increase the tolerance of mc-Si to the presence of metals and reduce the overall cost of the final device. High-temperature processes have to be avoided after the P-diffusion step in order to prevent the rediffusion of small nanoprecipitates, in particular, for samples and areas with small grain density.
